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ABSTRACT 
This paper discusses the investigation of residual stresses 
developed as a result of mechanical and laser forming 
processes in commercially pure grade 2 Titanium alloy plates 
as well as the concept of total fatigue stress. The intention of 
the study was to bend the plates using the respective processes 
to a final radius of 120mm using both processes. The hole 
drilling method was used to measure residual strains in all the 
plates. High stress gradients were witnessed in the current 
research and possible cases analyzed and investigated. The 
effects of processing speeds and powers used also played a 
significant role in the residual stress distribution in all the 
formed plates. A change in laser power resulted in changes to 
residual stress distribution in the plates evaluated. This study 
also dwells into how the loads that are not normally 
incorporated in fatigue testing influence fatigue life of 
commercially pure grade 2 Titanium alloy plates. Also, the 
parent material was used to benchmark the performance of the 
two forming processes in terms of stresses developed. Residual 
stresses developed from the two forming processes and the 
parent material used together with the mean stress was 
incorporated into the alternating stress from the fatigue 
machine to develop the concept of total fatigue stress. This 
exercise indicated the effect of these stresses on the fatigue life 
of the parent material, laser and mechanically formed plate 
samples. A strong link between these stresses was obtained and 
formulae explaining the relationship formulated. A comparison 
between theory and practical application shown by test results 
is found to be satisfactory in explaining concerns that may 
arise. The laser forming process is more influential in the 
development of residual stress, compared to the mechanical 
forming process. With each parameter change in laser forming 
there is a change in residual stress arrangement. Under the 
influence of laser forming the stress is more tensile in nature 
making the laser formed more susceptible to early fatigue 
failure. The laser and mechanical forming processes involve 
bending of the plate samples and most of these samples 
experienced a two-dimensional defect which is a dislocation. 
The dislocation is the defect responsible for the phenomenon of 
slip by which most metals deform plastically. Also the high 
temperatures experienced in laser forming were one of the 
major driving factors in bending. 
INTRODUCTION 
A laser beam is an artificially generated electromagnetic 
radiation, called laser light when in the visible wavelength 
range. Its theoretical physical description is attributed to Albert 
Einstein in 1917, namely the principle of simulated emission of 
radiation. From this arises the acronym LASER, i.e. light 
amplification by simulated emission of radiation. The laser 
beam is the only tool known today for processing tasks in all 
the so called major groups of the manufacturing process 
according to DIN 8580, from original forming to cutting, 
joining, coating and changing of material characteristics [1]. The 
laser forming process is realized by introducing thermal 
stresses (without melting) into the surface of a workpiece with 
a high power laser beam. These internal stresses induce plastic 
strains that bend the material or result in elastic/plastic 
buckling. The laser forming process is principally used at the 
macro level to form metallic sheet material [2-7].  
According to Ruud [8], residual stresses caused by 
manufacturing processes usually show very steep residual 
stress to distance gradients. The steep gradients typical of 
residual stresses induced by manufacturing processes may be 
cited as the cause of disagreement between residual stress 
relaxation techniques and x-ray diffraction techniques. Surface 
stresses are usually of greatest interest and surface measuring 
procedures and techniques that provide optimum spatial 
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resolution are required in order to identify the location and 
magnitude of the highest tensile residual stress, because it is 
these stresses and locations that are likely to dominate the 
failure conditions [8]. 
The paper concentrates on changes in residual stress of 
commercially pure grade 2 Titanium alloy plates as a result of 
laser and mechanical forming. The plan was to use the laser to 
bend the given alloy and compare the bending initiated by the 
laser to that made by the mechanical forming process. This was 
done by bending Titanium alloy plates to a radius of curvature 
of approximately 120 mm using a laser (similar to the radius of 
curvature of 120mm from the mechanical forming process) and 
to achieve this, various laser parameters were investigated and 
used. The processing of Titanium using these forming 
processes would help gather the much needed information on 
the effects of the processes on the residual stress distribution of 
commercially pure grade 2 Titanium alloy. The information 
would also help in formulating the concept of total fatigue 
stress. 
EXPERIMENTAL SETUP 
Material Characteristics 
The chemical composition of commercially pure grade 2 
Titanium alloy (CP) is shown in Table 1. The percentage 
amount of these elements varies from manufacturer to 
manufacturer but the maximum percentage amounts should not 
be exceeded. The grade is weldable, formable and has excellent 
corrosion resistance properties. The study was limited to this 
material with the dimensions of 200mm x 50mm and a plate 
thickness of 3mm. 
Table 1 : Chemical composition of commercially pure grade 2 Titanium alloy 
Grade Carbon  
Oxygen 
 
Nitrogen 
Max 
Iron 
Max 
Hydrogen 
Max 
Titanium 
MAX 
CP 
Titanium 
 
0.005 
 
 
0.25 
 
 
0.009 
 
 
0.04 
 
0.003 Bal 
 
Laser forming 
The prime pocket monitor shown in Figure 1 was used in 
this study to measure the laser power projected on the surface 
of Titanium plate specimens. The measurements were taken to 
verify the set power and the incident power of the laser (hitting 
the surface of Titanium). For example, for a laser setting of 
2.5kW the reading obtained from the pocket monitor was 
2.252kW, which indicates a 10% loss in power hitting the 
surface of the plates irradiated. The prime pocket monitor is 
designed to take measurements inside or near the beam path of 
a high power laser beam. The device itself does not emit any 
laser radiation. When taking measurements the laser beam is 
directed to the surface of the device, which causes leakage 
radiation and reflection as the beam is not fully absorbed. The 
laser forming process produces large thermal gradients that 
could either bend or shorten the material. The bending or 
shortening of the material is a result of line energy produced by 
the laser and is given by the formula: 
 
  
V
PL                                                                                1.1 
Where P is the laser power in Watts and V the laser 
scanning speed in m/min. The line energy (L) is the major 
driving factor in the laser forming of materials and it was 
decided to check what influence the varying of power levels 
would have on the microstructure and mechanical properties of 
Titanium. A 4.4kW diode pumped Nd: YAG laser  with a 
wavelength of 1.064µm was used to produce laser formed 
specimens. Neodymium-doped (Nd) yttrium aluminum garnet 
(YAG) possesses a combination of properties uniquely 
favorable for laser operation and is by far the most commonly 
used type of solid state laser. The YAG host is hard, of good 
optical quality and has a high thermal conductivity. The beam 
diameter, number of scans per location and interval spacing 
was 12mm, 5 and 9mm respectively.  
 
Figure 1 : Prime Pocket Monitor 
The open mould method shown in Figure 2 was used in the 
laser forming of the commercially pure grade 2 Titanium alloy 
plate specimens. With this arrangement the samples are not 
clamped in any way and the line heating application alternates 
in succession from each end, incrementally moving towards the 
centre. The actual scanning procedure for the specimens is 
shown in Figure 3 and each line was scanned five times. 
 
Figure 2 : Laser formed commercially pure grade 2 Titanium alloy with the open mould 
arrangement 
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 Figure 3 : The scanning procedure 
The laser forming parameters used for this research are shown 
in Table 2 and the irradiation sequence ensured a 25% overlap 
between the heating paths as indicated in Figure 3. These 
variables controlled how much thermal energy penetrated on 
the plate samples and also the amount of change and 
modification in residual stress distribution. The term 
modification is used due to the fact that residual stresses were 
present in the parent material prior to forming, and the forming 
processes caused changes to the initial residual stress 
arrangement. Variables such as heat flux and thermal gradient 
played a major role in the development of residual stress. 
Table 2: various variables involved in laser forming 
Beam 
diameter 
(mm) 
Percentage 
overlap 
(%) 
Laser 
power 
(Watts) 
Scanning 
velocity 
(m/min) 
Beam 
interaction 
time 
(seconds) 
Heat 
flux 
( x 10 6 
w/m2) 
Line 
energy 
(J/m) 
Thermal 
gradient 
12 25 1500 2.6 0.009 3.315 579 221.14 
12 25 1500 1.9 0.012 3.315 790 221.14 
12 25 2500 1.67 0.014 22.104 1500 1474.5 
12 25 3000 2 0.012 26.52 1500 1769.18 
12 25 3500 2.33 0.010 30.95 1500 2064.7 
 
 
Mechanical forming 
The mechanical forming process is shown in Figure 4 and 
the mating die method used. The mating die method of stretch 
draw forming involves an upper and lower die block mounted 
in a hydraulic press bed. After cutting the plate samples they 
were placed on the gripping jaws of the machine. The machine 
was then switched on and a small pedal at the base of the 
machine depressed which allowed the cam to rotate resulting in 
the final formed shape. Between securing the sample, stamping 
and removing the formed sample, the whole procedure took 
approximately ten minutes to complete resulting in a process 
cycle much quicker than the laser forming process which also 
uses less electricity. 
 
Figure 4 : Mechanical forming process 
Residual stress measurement 
Residual stress measurement of the commercially pure 
grade 2 Titanium alloy plates, samples was carried out on the 
parent material, laser and mechanically formed plate samples. 
Measurement was done in accordance with ASTM E837 which 
makes use of the hole drilling method. This method relies on 
stress relaxation when a hole is drilled into the centre of the 
rosette strain gauge. The residual stress measurement machine 
parameter settings listed in Table 3 were used in this study. 
During this exercise the material is removed by drilling, the 
extent of strain relief is monitored by the gauges so that the 
direction and magnitude of the principal stresses can be 
calculated. The accuracy of the hole drilling method is directly 
related to the ability of locating the hole accurately. The 
Average Stress Method was used in this analysis because this 
exercise was comparative and required no quantitative analysis. 
The centre-hole method was chosen as a means of determining 
residual stress on the parent material, laser, and mechanically 
formed samples. Samples were polished using carbide paper 
thereafter, the strain gauges were attached on all the plate 
samples making them ready for measurement. 
Table 3: Residual Stress Measurement Parameters 
Drilling 
depth 
Drilling 
method 
Evaluation 
method 
Number  of 
incremental 
steps 
Diameter 
of  end‐
mill 
Material 
type 
Feed 
rate 
Delay  
time 
2 mm  Auto  Polynomial  40  1.6 mm  Ti  0.2 mm/sec 5 sec 
Electrical wires were then soldered on the strain gauge to 
enable connection to the SINT - MTS 3000 machine. ASTM 
E837 recommends that the hole be drilled in small increments 
of depth, recording the observed strains and measured hole 
depth at each increment and for this exercise increments of 
0.05mm were used. This is done to obtain data and see whether 
the residual stress is essentially uniform with depth, thus 
validating the use of standard full depth coefficients A and B 
for calculating the stress magnitudes. For the hole drilling 
method the strain is assumed to be taken from a strain gauge 
which coincides in the direction of the maximum principal 
stress [9].  
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Table 4 displays the average radii of curvature obtained from 
all the plate samples used in this study and the parent material 
was not deformed, as it formed the benchmark for residual 
stress distribution prior to both forming proccesses. 
Table 4: Average radii values obtained in samples 
Samples  Parent Material 
Mechanical 
Forming  1.5 kW  2.5 kW  3.0 kW  3.5 kW 
Average  Radius  of 
Curvature 
(Degrees) 
‐  120  > 200  134  118  105 
Residual Stress Calculation Method 
As previously stated the ASTM E837 method of calculation 
was used and the equation is as follows: 
BA 4
)2()(
4,
2
213
2
1313
21
    1.2 
Where σ1 is the minimum stress and σ2 is the maximum 
stress. The values 321 ,,   are the measured values obtained 
during the drilling operation and these assisted in the plotting 
of graphs illustrated in this paper.  
Component/s 
The plates used in this analysis were rolled commercially 
pure grade 2 Titanium alloy flat plates with a thickness of 3mm 
as shown below in Figure 5(b). Residual stress measurements 
were taken in the same area for all plate samples. All the plates 
were drilled in the same manner as shown in Figure 4(b). 
(a) 
 
(b) 
Figure 5: Residual stress samples 
 
RESULTS 
Residual stress 
The graphs plotted from the analyzed plates were a result of 
residual stress information gathered by the MTS3000 machine 
on each plate sample evaluated. Comparisons made between 
the plates and forming processes are based on the graphs 
obtained. The relieved stress and strain from the parent material 
differs from that obtained from both forming processes 
evaluated in this study. Figure 6 on the following page shows 
relieved strain measured on the parent material, and all the 
micro-strain values (ɛ 1; ɛ 2; ɛ 3) show a slight reduction in strain 
as the depth of the hole increases. The values obtained from the 
parent material are less than negative 50µɛ (microstrain), and 
when compared to other plates evaluated, the variation in strain 
values is minimal and within the same range depth of the hole 
increases. 
 Figure 6 : Relieved strain measured on the parent material 
Figure 7 shows an almost flat curve compared to other plates 
and theoretically this means a lower relieved residual stress. 
With the other plates analysed there was a variation in all the 
gauges as the depth of drilling increased resulting in changes to 
both maximum and minimum stresses obtained. It is evident 
from Figure 7 that an even distribution of residual strains on 
the material, unlike the laser formed plates, it is possible that 
the temperature gradient on the parent plates during fabrication 
was not steep. The residual strains from the parent material are 
not modified in any way but result from the manufacturing 
procedure used to produce Titanium. The other forming 
operations used in the study cause a marked change to the 
residual stress/strain distribution on the plates.  
 Figure 7 : Stress measured on the parent material 
Table 5 summarizes the values obtained in the analysis of 
residual stress and strain of commercially pure grade 2 
Titanium alloy plates. The results obtained had a profound 
effect on the fatigue results. 
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Table 5 : Summary of residual stress results 
SAMPLES 
 
Minimum Strain 
(µɛ) 
Maximum Strain 
(µɛ) 
Maximum  & 
Minimum 
 Stress (MPa) 
ɛ1  ɛ2  ɛ3  ɛ1  ɛ2  ɛ3  1   2  
Parent 
Material 
‐ 39.1  ‐ 36.8  ‐ 32.1  ‐9.6  ‐9.8  ‐9.0  4.1  17 
Mechanically 
Formed 
‐111.2  ‐ 59.3  ‐ 32.5  ‐16.0  ‐12.1  ‐4.2  3.1  41.1 
1.5kW –  
(576 J/m) 
‐80.8  ‐179.5  ‐283.8  4.7  0.7  3.4  ‐2.9  116 
1.5kW – 
( 790 J/m) 
‐ 67.6  ‐244.8  ‐426.7  29.4  16.6  16.2  ‐14  188.3 
2.5kW  ‐198.7  ‐351.9  ‐442.5  ‐21.2  ‐27.2  ‐32.5  11.4  181.8 
3kW  129.0  ‐275.7  ‐400.6  1.5  ‐5.3  ‐5.7  ‐0.3  176.9 
3.5kW  165.9  289.8  403.2  ‐3.4  ‐2.6  ‐2.5  1.4  181.9 
The results obtained from the parent material was of benefit in 
showing the effects of maximum and minimum residual 
stresses during service. The parent material had the lowest 
maximum stress at 17 MPa (T) and a minimum stress of 4.1 
MPa (T). The difference between the two stresses was found to 
be 12.9 MPa (T1). These stresses were all tensile as their values 
were positive. The low minimum and maximum stress values 
serve to explain why the parent material perfomed better than 
the laser formed specimens in fatigue testing. The laser formed 
plates had higher residual stress as a result of the effects of the 
forming process. With the parent material, the maximum stress 
was obtained at a depth of approximately 0.5 mm. The 
mechanical forming process caused a slight change to the 
relieved strain, of commercially pure grade 2 Titanium alloy 
specimens, which cannot be compared to the results obtained 
with laser formed specimens.  
The increase in relieved strain lead to a proportional increase in 
relieved residual stress compared to that of the parent plate 
meaning the mechanical forming process increases the amount 
of residual stresses within the parent plate. Depending on the 
industrial sector, some engineering applications need the 
presence of residual stresses within the material for mechanical 
benefits. The change in relieved strain is a result of internal 
stresses from deformation incompatibility. This occurs when 
different strain levels are experienced in different locations 
simultaneously. This difference in the actual strain level in 
different locations may be caused by multiple reasons, 
including (1) a difference in strength between different but co-
existent phases in the material, (2) different actual strains 
                                                          
1 T - tension 
accommodated at different locations due to die/mould shape or 
constraints from the gripping force on the test-piece or work 
piece and (3) a possible temperature gradient in different 
locations. These internal stresses may remain in materials after 
the deformation/forming process which occurs in the form of 
residual stress [10]. 
Some strains are due to phase transformations. These strains 
are reported to alter the state of residual stress and since no 
phase transformation occurred in the mechanically formed 
specimens there are minor changes in residual stress. 
Manufacturing processes, of which mechanical forming is one, 
introduce residual stress into mechanical parts thereby 
influencing fatigue behavior of components. The only 
difference between these processes is the intensity at which 
forming occurs as it varies from process to process as 
witnessed in this study between mechanical and laser forming 
processes. There is a huge difference between relieved residual 
strains in laser and mechanically formed plate specimens. After 
getting to the maximum stress there is a reduction in stress as 
the depth increases. The maximum stress obtained with 
mechanically formed specimens was higher than that of the 
parent specimens at 41 MPa (T). This indicates that the 
mechanical forming process increases the maximum residual 
stress by 59% in this study. The difference between maximum 
and minimum stress was 38 MPa (T), resulting in a 66% 
improvement over the parent material. This difference in stress 
influences fatigue behavior of Titanium. The graphs indicating 
relieved residual stress, show changes in maximum and 
minimum stress with each forming process as indicated in 
Figure 8 and Figure 9. The residual stress layout in the parent 
material and mechanically formed plate specimens is similar. 
The difference is prevalent with the stress values attained, as 
the stress in both graphs peaks between 0.5mm and 0.7mm 
which then tapers as the maximum depth is approached.  
 Figure 8: Stress measured on the mechanically formed plate 
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 Figure 9: Typical stress measured on the laser formed plate 
 Figure 10: Relieved strain measured on the mechanically formed plate 
 Figure 11: Typical relieved strain measured on the laser formed plate 
Figure 8 to Figure 11 show the stress measure and the relieved 
strain on the mechanically and laser formed plates respectively. 
The forming operation moves the location of the maximum and 
minimum principal stresses closer to the surface. The laser 
formed plates differ when compared to both parent and 
mechanically formed plate specimens as far as the strain 
relaxation curve is concerned. Although the thermal energy 
penetrated to about a third of the depth of the plate specimens 
(1.5kW-576J/m) resulting in a minor change in the shape of the 
plates, this had a modest effect on the distribution of residual 
stresses on the surface. The increase in the strain relaxation 
curve results in an almost proportional increase in residual 
stress compared to both parent and mechanically formed plate 
specimens. For the entire batch of laser formed specimens, 
there was some alteration of residual stress/strain, due to phase 
transformation, resulting from the heat generated by the 
process. The temperature gradient is another factor that must be 
accounted for as far as residual stresses are concerned.  
Laser formed plate specimens on the other end have their 
maximum principal stress between depths of 1.5mm and 2mm. 
The change in the distribution of residual stresses is a result of 
thermo-mechanical effects of the laser forming process. The 
maximum stress obtained was 116MPa (T) and the minimum 
stress found to be 2.9MPa (C2) for the power of 1.5kW 
(576J/m). The maximum stress obtained was the lowest in all 
the laser formed specimens. The difference between the two 
stresses was 119MPa, which was also the lowest in all the laser 
formed plate specimens. The maximum and minimum residual 
stress values are not reduced with an increase in depth as 
witnessed on the parent material. Changes in line energy are 
only seen by a change in the location of the maximum and 
minimum residual stresses. The effects of this change can be 
further observed on the relieved strain between the two line 
energies. For the line energy of 790 J/m the relieved strain 
starts positive and ends up negative and there is also an 
increase in relieved strain on gauges 2 and 3.  
This is in agreement with the statement made that says forming 
processes impart residual stresses on materials. The amount of 
residual stress imparted depends on the intensity of the forming 
processes. In laser formed plate specimens the intensity is 
dependent upon the line energy generated and the laser power 
setting used. The line energy developed is the driving force in 
phase transformation and as stated in the previous pages, some 
strains develop due to phase transformations and alter the 
residual stress. Commercially pure grade 2 Titanium alloy 
changes phase at 883oC and during the laser forming process 
temperatures higher than this temperature were reached. The 
thermal gradient which is known to influence the distribution 
of residual stress is the same as that obtained from a line energy 
of 576J/m.  
The heat flux is also the same but the difference is brought 
about by differences in scanning velocity and beam interaction 
times. These factors play a major role in the differences seen in 
relieved strain between the two line energies. The increase in 
line energy caused changes to the maximum and minimum 
stress. The maximum stress changed to 188MPa (T) and the 
minimum stress to 14MPa (C). The maximum and minimum 
stress was the highest in all the specimens evaluated at 1.5kW. 
For a power setting of 1.5kW and a line energy of 790J/m the 
maximum principal stress starts compressive and ends in 
tension. The same could be observed with the minimum 
principal stress which also starts in compression but with 
higher values than the maximum principal stress. There is also 
a steady increase in both maximum and minimum principal 
                                                          
2 C - compression 
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stresses as the line energy increases. This is partly caused by 
changes effected by thermal energy on the microstructure of 
commercially pure grade 2 Titanium alloy specimens. The 
changes in residual stress may be linked to the phase 
transformation resulting from the influence of heat flux.  
However, for a power of 1.5kW, the heat flux and thermal 
gradient is the same for the two line energies. The differences 
evident in principal stresses are due to scanning velocities used. 
The line energy of 790J/m was made possible by reducing the 
scanning velocity to 1.9m/min from 2.6m/min (576J/m). The 
slower scanning velocity meant a higher interaction time of the 
laser beam and the specimen surface. There was enough time 
for thermal energy to cause changes in the microstructure and 
penetrate deeper than for a line energy of 576J/m achieved by a 
scanning velocity of 2.6m/min. The plate sample irradiated at 
2.5kW had a slower scanning velocity, a higher heat flux, a 
higher line energy and minimal beam interaction time. 
Therefore, the plate samples also had a higher thermal gradient 
which contributed to variations in relieved strain when 
compared to specimens irradiated at a power of 1.5kW. The 
increase in line energy at a power of 2.5kW resulted in a 
reduction in relieved strain closer to the surface of the 
specimen (in other words specimens irradiated at 1.5kW had a 
reduction in relieved strain from a depth of 0.5mm onwards).  
There was a major change in the microstructure of the formed 
plates especially as a result of the thermal gradient from 1.5kW 
to 3.5kW, this was similar to what was reported by Bhadeshia 
[10]. Spatial variations in temperature gave rise to non-uniform 
thermal strains and the effect of which becomes exaggerated 
when the material is elastically stiff and has a high yield 
strength [10]. As a result of variations in temperature the laser 
forming process caused changes to the mechanical properties of 
the material. The material properties are largely dependent on 
temperature, which adversely means that the greater the 
temperature difference, the greater will the change in the 
material. The change in line energy to 1500 J/m resulted in an 
increase to the maximum principal stress which continued 
being in tension. There was no noticeable change in the values 
for minimum principal stress which remained as before (in 
other words, at the same value as that obtained at a line energy 
of 790J/m). The increase in thermal gradient can be seen on the 
residual stress distribution. The maximum stress obtained at 
2.5kW was 182MPa (T) and the minimum stress was 11MPa 
(C). The difference in stress was found to be 170MPa. The 
plates irradiated at 2.5kW had the highest hardness and the 
maximum stress is found at a depth of 1mm.  
The high residual stress values proved detrimental to the laser 
formed specimens as these performed badly in fatigue testing. 
With the laser power of 2.5kW, there is a change in the thermal 
gradient which is higher and there is also a reduction in the 
scanning velocity. This was the driving force which resulted in 
changes to the residual stress distribution in the specimens. At 
this power level there is a further reduction in scanning velocity 
when compared with the line energy of 790J/m. Forming 
processes impart residual stresses on plates, as a result of 
physical and thermal change brought about by these processes. 
The changes in strain due to changes in power are closer to the 
irradiated surface side of the specimen and major changes in 
strain are between the surface and a depth of 0.5mm.  
Another challenge is that of quantifying changes in 
microstructure and the resulting effects on residual stresses of 
laser formed specimens. It becomes clear that when compared 
to the parent plate, the microstructure transformation has taken 
place as a result of the laser forming process. This leads to 
changes in phase and microstructure of the material. The 
change in microstructure can be attributed to the fact that 
Titanium undergoes phase change at a temperature of 884oC. 
Phase changes are associated with transformation strains due to 
the change in crystal structure [11]. Transformation strains may 
be accommodated in a variety of ways, the transformation 
product is constrained by the surrounding matrix phase. 
Irrespective of the details of the process of accommodation, the 
very existence of strains means that the transformations can be 
regarded as modes of deformation with the special 
characteristic that the deformation is accompanied by a change 
in crystal structure [12]. 
The mentioned factors play a role in residual stress distribution 
of the material. Contrary to what has been witnessed with other 
laser formed specimens there is a reduction in both maximum 
and minimum principal stresses. The thermal gradient, although 
higher than that of other laser powers has caused no increase to 
the residual stress distribution. The power of 2.5kW possesses 
the optimum power setting for the laser forming of Titanium 
when using a line energy of 1500J/m. The specimens irradiated 
at 3kW had a maximum stress of 176MPa (T) and a minimum 
stress of 0.3MPa (C). The stresses had a major effect in fatigue 
life as they changed the location of the fracture line. Unlike the 
parent and mechanically formed plates the maximum stress at 
3kW is obtained at a depth of 2mm below the laser irradiated 
surface and this has been the trend with all laser formed 
specimens.  
There is a change in relieved residual strain/stress closer to the 
laser irradiated side on all the laser formed specimens and this 
is due to changes brought about by the laser forming process 
which affected the laser facing side. The other reason for these 
changes is the fact that the laser forming process increases the 
hardness of Titanium. Residual stresses are a consequence of 
interactions between time, temperature, deformation and 
microstructure [10]. These factors played a rather important role 
in how the relieved strain/stress is distributed in the laser 
formed specimens. The amount of heat generated and the 
thermal gradient is what makes a difference in the specimens 
evaluated. This power setting (3.5kW) had the highest 
temperature gradient in all the samples evaluated and this led to 
 8  
differences in the microstructures which in turn influenced the 
resulting relieved residual strain/stress graph.  
The transformation strain continues to be applicable at a power 
of 3.5kW but goes a step farther than at a power of 3kW. There 
is also the effect of beam interaction time which could be 
disregarded in addition to the effect of heat flux. Even though 
the line energy was kept constant in the higher laser powers 
(2.5kW; 3kW; and 3.5kW) its effect was not the same on the 
plates evaluated. Factors that play a major role in the 
development of transformation strains include heat flux and 
thermal gradient. Transformations occur in two main ways 
namely the displacive mechanism, in which the new structure is 
produced by a deformation of the parent crystal, and 
reconstructive transformation, involving the uncoordinated 
diffusion of all the atoms, including those of the host lattice. 
Both are usually accompanied by substantial strains. The 
reconstructive transformation causes a volume change which is 
in general isotropic, whereas displacive transformations 
involve a combination of a shear on the habit plane and a 
dilational strain which is directed normal to the habit plane.  
Residual stresses due to transformations are often introduced 
unintentionally during fabrication and can have a great effect 
on the residual stresses that would otherwise occur [13].  The 
maximum stress obtained at 3.5kW was the second highest at 
181.9MPa (T) and a minimum stress of 1.4MPa (T). The 
difference between maximum and minimum stress was 
180.5MPa and there were major changes in the microstructure. 
The maximum and minimum residual stresses are lower than 
those obtained from a power of 2.5kW but equivalent to those 
obtained at a power of 3kW. The difference in thermal 
gradients between a power of 3kW and 3.5kW plays no role in 
changing the distribution and values of both minimum and 
maximum residual stresses. The line energy of 1500J/m and a 
power of 2.5kW are the optimum settings for commercially 
pure grade 2 Titanium alloy.  
Total fatigue stress (TFS) 
The total fatigue stress is a combination of the bending 
stress, mean stress and mean residual stress. The combination 
of mean stress and mean residual stress is termed the actual 
effective mean stress (AEMS) and is obtained from each 
sample used in fatigue testing. In this study residual stress was 
measured in samples obtained from batches of laser and 
mechanically formed plates as well as the parent material. The 
total fatigue stress discussed here increases proportionally with 
increases in residual stress. When residual stresses are 
considered the actual stress the plate is exposed to during 
fatigue testing increases considerably. The increase in the 
percentage of stress applied in plates exposed to fatigue testing 
resulted in a reduced number of cycles to failure for the 
commercially pure grade 2 Titanium alloy. The same concept 
could also be applied to other engineering metals leading to 
better fatigue life prediction on plates subjected to fatigue 
testing. 
The development of total fatigue stress 
In determining the fully reversed alternating stress values, 
the residual stress values obtained from parent plate and formed 
plates were used in conjunction with the alternating stress. This 
incorporation of residual stresses increased the total stress in 
the samples evaluated. The tensile and compressive residual 
stresses were incorporated in the calculation of the mean 
residual stress. The residual stress within the plates played a 
significant role in the outcome of fatigue life as proved by this 
analysis. This section of work focuses on the effect of mean 
residual stress in the overall material fatigue behavior of 
commercially pure grade 2 Titanium alloy plates. The mean 
residual stress is the algebraic sum between the maximum and 
minimum stress where positive stress is taken as tensile and 
negative stress as compressive. The mean residual stress 
increased in the samples evaluated as a result of the forming 
processes used. Internal stresses in the material are known as 
residual stresses and have an effect similar to an applied mean 
stress. Hence, compressive residual stresses are beneficial. 
These can be introduced by permanently stretching a thin 
surface layer by yielding it in tension. The underlying material 
then attempts to recover its original size by elastic deformation, 
forcing the surface layer into compression [14].  
Table 6 shows the distribution of both compressive and tensile 
residual stresses in the plates evaluated. Mean stress exhibits 
great influence on fatigue life. From the deformation 
perspective, mean stress in stress control fatigue gives rise to 
ratcheting, which results from the accumulation of plastic strain 
in the low to intermediate cycle fatigue regime. 
Table 6 : Residual stress readings from samples used in this study 
Plate sample Maximum residual stress (MPa) 
Minimum residual 
stress (MPa) 
Mean residual 
stress (MPa) 
Parent 
material 
17 4.1 11 
Mechanical 
formed 
41.1 3.1 22 
1.5kW-
(576J/m) 
116 -2.9 57 
1.5kW-
(790J/m) 
188.3 -14 87 
2.5kW 181.8 11.4 97 
3kW 176.9 -0.3 88 
3.5kW 181.9 1.4 92 
Ratcheting produces not only undesirably large deformation but 
also fatigue damage in the material. The methods for predicting 
ratcheting strain and its effect on fatigue life therefore deserve 
research efforts for safe performance of mechanical 
components [15]. Engineering components and structures are 
often subjected to cyclically varying loads with mean stress (or 
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mean strain). It is well known that the fatigue process is 
sensitive to superposed tensile mean stress in both the high 
cycle fatigue [16-19] and low cycle fatigue regimes [20-21]. This can 
be explained by noting that a positive mean stress increases the 
crack opening and accelerates the fatigue damage accumulation 
[22].  
Compressive and tensile residual stresses are not balanced in all 
the plate samples evaluated in this study as a result of the 
forming processes used, and to restore the balance the plates 
would have to be distorted. The presence of tensile stresses in 
the majority of the plates adds a load to the one applied during 
fatigue testing for that particular batch of plates under 
evaluation. Tensile residual stresses are found in all the laser 
formed plate samples and this is attributed to cooling of the 
plates after the forming process. The cooling rates between the 
top and bottom sections of these plates were not the same, due 
to the high temperatures attained during laser forming. Fatigue 
life results obtained from the testing of laser formed plate 
samples show a major influence of the residual stresses on the 
fatigue life of Titanium. This is due to the process parameters 
used, the cooling method and physical characteristics of 
commercially pure grade 2 Titanium alloy.  
There is inconsistency with the parent material which is a flat 
plate but the tensile and compressive stress is not equal and 
opposite in direction. This could be a result of the 
manufacturing process used in the production of Titanium and 
to some extent the cooling procedure as well. The residual 
stress/strain layout found in the parent material was similar to 
that observed in laser formed samples suggesting similar 
cooling methods. Material components are often subjected to 
loading conditions, which do not give equal stresses in tension 
and compression. As the mean stress increases, the stress 
amplitude must decrease in order for the material to withstand 
the applied stresses [23]. There is also the effect of mean stress 
which is influenced by the presence of residual stresses within 
the plate samples. The mean stress level of the imposed fatigue 
cycle is known to play an important role in influencing the 
fatigue behavior of materials [24].  
As stated previously the actual effective mean stress (AEMS) is 
a combination of fatigue and residual stress and had a 
remarkable effect on the fatigue life of laser formed samples. 
The points mentioned had an effect on the loading of samples 
with higher AEMS where the stress amplitude was not adjusted 
accordingly as theoretically required. Although the aim was to 
test all the samples in similar conditions, the existence of the 
AEMS disadvantaged laser formed samples, as they were 
exposed to a higher applied stress than both the parent and 
mechanically formed plates. This exposure, combined with 
changes in material properties, meant laser formed plates had 
shorter fatigue lives because of this. The AEMS discussed was 
determined using the following formula: 
residualfatigue
AEMS 

 

  22
minmaxminmax             1.3 
The above formula combines two mean stresses which have a 
direct effect on the fatigue performance of the plate specimens 
used in this study. This formula best represents the actual 
stresses that fatigue plates were subjected to during the test 
procedure. It should also be stated that fatigue plate samples 
contained residual stresses before commencing with fatigue 
testing. During fatigue testing, plates were exposed to 
fluctuating stresses induced by the machine and in the process 
influencing fatigue behavior. The absence, and, in other 
instances, the low value of compressive residual stress 
increased the probability of failure in the plates. There is 
generally no control over the development of both the 
compressive and tensile residual stresses during the forming 
operations. One of the most important attributes in the 
prevention of fatigue failure is favorable compressive residual 
stress, but the development of these stresses during forming as 
mentioned is uncontrollable. The forming processes did not 
result in pronounced compressive residual stresses.  
Compressive residual stresses can be introduced by 
permanently stretching a thin surface layer by yielding it in 
tension as previously stated. This is not possible with the 
forming processes used, which aid in the development of 
tensile residual stresses. The two forming processes therefore 
should not be considered in applications where compressive 
residual stresses are of prime importance. Residual stresses 
arising from fabrication or surface and heat treatments, when 
superimposed with the applied fatigue loads, alter the mean 
level of the fatigue cycle and the fatigue life for crack 
nucleation. In general, residual stresses affect the fatigue 
behavior of materials in the same way as the static mechanical 
stresses superimposed on cyclic amplitude. Residual stresses 
are favorable if compressive and, detrimental, if tensile [24].  
The plates used in this study were exposed to a combination of 
bending and actual effective mean stress during fatigue testing, 
shown in formula (1.2) as total fatigue stress (TFS). To a great 
extent most researchers in the field of engineering tend to 
separate the AEMS from the bending stress, even though these 
work together in contributing to fatigue failure of the material. 
The bending stress in the machine could mislead researchers in 
the analysis of material behavior if the AEMS shown in 
formula (1.1) is not considered. The changing residual stress 
under the actual mean effective mean stress is due to varying 
laser forming parameters used during the preparation of 
samples. The changing AEMS with each batch of samples had 
an effect on the failure of fatigue samples. A higher AEMS 
resulted in a higher TFS, which is calculated from formula 
(1.2).  






 

 
residualfatigue
bendingTFS 22
minmaxminmax             1.4 
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The TFS obtained with the parent and mechanically formed 
plates was lower than values obtained from laser formed plates 
and the major driving force in changes in this stress is the 
residual stress. The effect of bending stress and mean stress 
should not be confused because the former influences how 
many cycles a material must undergo before actual failure of 
the sample while the latter could be the same for varying stress 
amplitudes/loads used. The residual stress/strain values vary 
with changes in power and line energy. The higher the bending 
stress the lower the number of cycles to failure and this is 
evident in the fatigue results in Table 7. In all the plates 
evaluated, the parent material had the lowest percentage 
increase in TFS due to the low values obtained from residual 
stress testing.  
Table 7: The concept of total fatigue stress (parent, mechanically and laser formed plates) 
Test stress 
(MPa) 
Bending stress 
(MPa) 
Mean stress 
(MPa) 
Mean residual 
stress 
(MPa) 
Actual effective mean 
stress (AEMS) 
(MPa) 
Total fatigue 
stress 
(MPa) 
% increase in 
applied stress 
Average fatigue life 
(cycles) 
MATERIAL 
321 315.04 5.96 11 16.96 332 5% 38 049 
Parent 270 266.02 3.98 11 14.98 281 6% 225328 
220 216.01 4.01 11 15.01 231.01 7% 350696 
321 316.53 4.5 22 26.5 343.03 8% 52554 Mechanically 
formed 270 267.51 2.5 22 24.5 292.01 9% 
211433 
220 216.01 4 22 26 242.01 12% 453024 
321 316.04 5 57 62 378.04 20% 41132 
Laser formed 
1.5kW - 576J/m 270 265.03 5 57 62 327.03 23% 
89537 
220 217.4 5 57 62 279.4 29% 210032 
321 318.01 3 87 90 408.01 28% 57183 Laser formed 
1.5kW - 790J/m 270 268.38 4 87 91 359.38 34% 
104035 
220 216.02 4 87 91 307.02 42% 197624 
321 315.55 5.5 97 102.5 418 32% 15484 Laser formed 
2.5kW - 1500J/m 270 266.02 4 97 101 367.02 38% 
17977 
220 216.51 3.5 97 100.5 317.01 46% 133157 
321 317.52 3.5 88 91.5 409.02 29% 12248 Laser formed 
3kW - 1500J/m 270 266.62 3.5 88 91.5 358.12 34% 
22040 
220 216.51 3.5 88 91.5 308.01 42% 34759 
321 317.02 4 92 96 413.02 30% 27027 Laser formed 
3.5kW - 500J/m 270 265.53 4.5 92 96.5 363.03 36% 
35382 
220 215.52 4.5 92 96.5 312.02 45% 63071 
  
The parent material had an average increase of 6% which is 
low when compared to an average increase of 10% obtained 
from the mechanically formed plates. The value of TFS could 
be linked to the average number of cycles to failure. The higher 
the value of total fatigue stress, the lower is the average number 
of cycles to failure, and test results attest to this statement. The 
increased hardness in laser formed plates indicates that the 
plates are no longer as ductile as the parent and mechanically 
formed plates leading to early fatigue failure. The effect of 
residual stress re-arrangement, as a result of laser forming, saw 
an average percentage increase of 24% and 35% in total fatigue 
stress for line energies of 576J/m and 790J/m respectively. The 
higher percentage increase in total fatigue stress indicates the 
“actual stress” of the laser formed plates were exposed to 
during fatigue testing. These observations help in 
understanding and quantifying the behavior of laser formed 
samples during fatigue testing. Laser formed plate samples 
irradiated with line energy of 1500J/m (2.5kW) peak at an 
actual effective mean stress of 103MPa. The percentage 
increase in total fatigue stress at 2.5kW is much higher than in 
other laser powers and combined with changes in 
microstructure, result in the lower average number of cycles to 
failure. The total fatigue stress obtained at this line energy 
(1500J/m) averaged 37% and played a major role in the fatigue 
 11  
life of these plates, which was lower than all the plates 
evaluated in this study. The changes in microstructure 
contributed to the poor behavior of laser formed plate samples 
during fatigue testing and therefore the influence of total 
fatigue stress should also be acknowledged. In plate samples 
exposed to a higher total fatigue stress, there is reduced fatigue 
life.  
The percentage increase in stress applied during fatigue testing 
is vast and this combined with changes in the material 
characteristics of Titanium, resulted in the poor performance of 
laser formed plate specimens. The total fatigue stress needs to 
be considered for inclusion in future research or at the very 
least be acknowledged during fatigue testing. In cases where a 
comparison is made between forming processes this could be 
addressed by lowering the bending stress to a level where the 
total fatigue stress is the same as other competing processes. 
The amount of residual stress/strain in a plate should be known 
before commencing with fatigue testing. Although this was 
done well before fatigue testing, the effect of actual effective 
mean stress was not considered during machine setup. The 
study on total fatigue stress indicates what could be easily 
overlooked during fatigue analysis leading to unexplainable 
material behavior. It is therefore imperative that this aspect of 
fatigue testing be included in future studies to get actual 
specimen behavior. 
DISCUSSION 
The laser forming process is more influential in the 
development of residual stress, compared to the mechanical 
forming process. With each parameter change in laser forming 
there is a change in residual stress arrangement. Under the 
influence of laser forming the stress is more tensile in nature, 
making the laser formed specimens more susceptible to early 
fatigue failure. The laser and mechanical forming processes 
involve bending of the plate samples and most of these samples 
experienced a two-dimensional defect which is a dislocation. 
The dislocation is the defect responsible for the phenomenon of 
slip by which most metals deform plastically. Also the high 
temperatures experienced in laser forming were one of the 
major driving factors in bending. According to the theory of 
bending, the strain increases with decreasing radius of 
curvature Lubahn et al [25]. If the change in thickness is 
neglected, the neutral axis will remain at the centre fibre and 
the circumferential stretch on the top surface ea which will be 
equal to the shrink on the bottom surface, eb [25].The 
conventional strain at the outer and inner fibres is given by: 
1)/2(
1
 hRee ba                                  1.5 
Experiments show that the circumferential strain on the tension 
surface is considerably greater than that given in the above 
equation for large values of h/R while the strain on the 
compression surface is not very different from the strain 
predicted by a simplified equation [26].  
One of the reasons, there is a difference between the parent 
material, the mechanically and laser formed residual stress 
distribution is how each of these samples is formed. In 
producing the parent material, the rolling conditions are such 
that plastic flow occurs only near the surfaces of the sheet. The 
surface grains in the sheet are deformed and tend to elongate, 
while the grain in the centre of the sheet is unaffected. During 
the forming process, the sheet must remain a continuous whole, 
the surface and centre regions on the sheet having to undergo 
strain accommodation. The centre fibres tend to restrain the 
surface fibres from elongating while the surface fibres seek to 
stretch the central fibres of the sheet. The result is a residual 
stress pattern which consists of high compressive stress at the 
surface and a tensile residual stress at the centre of the plate. 
With regards to what happens with the parent material, during 
the mechanical forming process, the bend radius formed is 
defined as the radius of curvature on the inside surface of the 
plate. In this process fibres on the outer surface are strained 
more than fibres on the inner surface which contract as a result 
of this process. In the laser forming of Titanium plates, the 
fibres on the outer surface are strained whilst the fibres on the 
inside contract due to thermal stresses brought about by the 
process. The difference in residual stress distribution is 
compounded by the intensity of thermal energy in all the 
samples evaluated. A change in heat (thermal energy) intensity 
presents with it a major change in the microstructure which 
therefore makes a noticeable change in residual stress 
distribution in the samples evaluated.  
According to Dieter et al [27], residual stresses arise when 
plastic deformation is not uniform throughout the entire cross 
section of the part being formed [26]. This was evident in the 
laser formed samples as a result of the presence of overlap gaps 
in the samples. The regions which had been plastically 
deformed prevented areas that were elastically deformed from 
undergoing complete elastic recovery. Thus the elastically 
deformed regions are left in residual tension, and the regions 
which were plastically deformed in a state of residual 
compression to balance the stresses over the cross section of 
the specimen. The development of residual stresses is 
dependent on the forming temperatures and also the process 
used in forming. The information gathered from residual stress 
analysis fits perfectly to observations on the concept of total 
fatigue stress. This means that during the preparation of fatigue 
samples the concept of total fatigue stress should be 
incorporated in order to get real world performance of the plate 
samples.  
CONCLUSION 
On this research topic the following points were noted: 
• The mean stress influences fatigue damage of components 
under fatigue testing. Its effect was evident as it increased 
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the total fatigue stress which sums up all the stresses 
involved in fatigue testing. This resulted in a reduction in 
fatigue life in all the samples under investigation.  
• The total fatigue stress contributes to fatigue failure and its 
inclusion is vital in understanding fatigue behaviour of 
engineering materials.  
• The total fatigue stress values for commercially pure grade 
2 Titanium alloy is in the range of stress values lower than 
the yield stress to stress values that are 20% higher than the 
yield stress.  
• The stresses involved in fatigue testing should all be 
included in the analysis of fatigue life. 
• The effect of residual and mean stress should not be 
discarded in fatigue life analysis as these play a vital role in 
the assessment of fatigue life performance. 
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